Tyrosine protein kinase activity appears to be intrinsic to several retroviral transforming proteins (for reviews see Bishop & Varmus, 1982; as well as certain cellular growth factor receptors [e.g. the EGF receptor (Buhrow etal., 1982) and the PDGF receptor (Ek et al., 1982; Nishimura et al., 1982) l. This suggests that tyrosine phosphorylation may be involved both in the virusinduced malignant transformation of cells and in cellular growth control. Given the fact that protein phosphorylation has long been recognized as a rapid and reversible means of regulating protein function, it is clearly of paramount importance to our understanding of transformation and growth control that substrates for both the viral and growth factor receptor tyrosine protein kinases be identified and characterized.
We have expended considerable effort over the past few years in a search for tyrosine protein kinase substrates. There are several hundred different phosphoproteins in the average cell, but we have been aided in our hunt for phosphotyrosine-containing proteins by the scarcity of phosphotyrosine and its unusual chemical properties. The majority of phosphoproteins containing acid-stable phosphate are phosphorylated either on serine (90%) or threonine (10%). Phosphotyrosine constitutes 0.03% of phosphate linked to protein in a fibroblast ). Principally because this basal level is so low, one can readily detect an increase in phosphotyrosine in cellular proteins following either infection by retroviruses whose transforming proteins are tyrosine protein kinases or treatment with growth factors whose receptors are tyrosine protein kinases Gill & Lazar, 1981; . Substrates for the tyrosine protein kinases active under these conditions are defined as proteins which are phosphorylated more extensively on tyrosine in an experimental situation compared with a control. How can one detect such proteins among the plethora of phosphoserine-and phosphothreonine-containing proteins? It is here that the unusual chemical stability to alkali of the phosphoester linkage of phosphotyrosine comes to our rescue. Treatment of two-dimensional gels of 32P-labelled phosphoproteins with alkali reveals a pattern of proteins whose phosphoester linkage is stable to high pH (Cooper & Hunter, 1981a) . We have detected among those proteins which show increased levels of phosphorylation in virally transformed or growth-factor-treated cells a number which contain phosphotyrosine (Cooper & Hunter, 1981a,b; ). An alternative approach to identifying substrates has been to pinpoint characterized proteins whose functions are likely to be altered in transformed or growth-factor-treated cells and to test such proteins for the presence of phosphotyrosine upon isolation from appropriate cells. This method too has proved fruitful (Sefton et al., 1981 ; .
The following proteins contain an elevated level of phosphotyrosine in relevant virally transformed cells : vinculin, pp81, EN, pp50, pp36, LDH and PGM. Cells of either mammalian or avian origin transformed by any one of the five classes of retrovirus encoding tyrosine protein kinases display most of all of these phosphotyrosine-containing proteins (Cooper & Hunter, 1981b) . Thus although the viral tyrosine protein kinases (products of the v-src, v-yes, vfpslfes, v-abl, and v-fgr viral oncogenes respectively) are in effect products of six distinguishable cellular genes (c-src, cyes, c-fpslfes, c-abl, clfgr) acquired by different retroviruses, they all exhibit similar substrate specificities. In contrast phosphorylation of these proteins is not a general response to treatment of fibroblasts with PDGF or EGF, growth factors whose receptors are associated with tyrosine protein kinases . Instead, in addition to the receptors themselves, pp45 and pp42 are the most prominent phosphotyrosine-containing proteins in both EGFand PDGF-treated cells .
Which of these proteins, if any, are crucial substrates? To answer this question we need to know the functions of these proteins and whether tyrosine phosphorylation alters their activities. If there is a change in activity for any one of them, we then need to ask whether this can help explain some aspect of the transformed phenotype or how the mitogenic signal is delivered. Also pertinent to these questions are the occupancy and number of phosphorylation sites per protein.
Critical substrates might be expected to have a large fraction of molecules in the phosphorylated state. Disappointingly, however, most of the identified substrates for the viral tyrosine protein kinases are relatively abundant proteins (0.054.3% of total cellular protein), and the stoichiometry of phosphorylation is in general low (1 -1 0%). Nevertheless many of the identified substrates do prove to have interesting properties.
If we consider the substrates for the viral tyrosine protein kinases in order of decreasing molecular weight, the first, BIOCHEMICAL SOCIETY TRANSACTIONS vinculin ( M , 13OOOO), is recognized as a component of the cytoskeleton (Sefton et al., 1981) . Its proposed function is to act as a linker between the termini of actin-containing microfilament bundles and a hypothetical plasma membrane anchor protein in specialized structures known as adhesion plaques (Geiger, 1979; Burridge & Feramisco, 1980) . pp60v-src, the transforming protein of RSV, is also localized in these structures (Rohrschneider, 1980) , implying that vinculin is a primary substrate of this enzyme; indeed in support of this notion purified pp60v-src can phosphorylate vinculin in vitro (Ito et al., 1982) . It has been suggested that tyrosine phosphorylation of vinculin might reduce its tenacity as a linker, leading to release of the microfilament cables and the consequent disorganization of stress fibres which is characteristic of transformed cells.
Only 1 % of vinculin molecules, however, are phosphorylated on tyrosine at steady state and it is not clear whether this would be sufficient to have the proposed effect. Moreover, cells infected by certain mutants of RSV contain tyrosine-phosphorylated vinculin at wild-type levels without displaying dramatic changes in stress-fibre arrangement (Rohrschneider & Rosok, 1983 ). It appears that vinculin phosphorylation is not sufficient to account for the cytoskeletal disruption. Phosphorylation of vinculin might still be involved, however, if one postulates that the concomitant phosphorylation of other cytoskeletal accessory proteins is required.
Although pp81 was first detected in A431 cells treated with EGF , it is not found in other cell types treated with EGF or PDGF . In virally transformed cells p81 is phosphorylated only if the viruses carry the v-fp/fes gene . The function and precise subcellular location of p81 in fibroblasts has not been determined, but a similar, if not identical, protein is found as a minor component of the microvillar core structures of gut columnar epithelial cells (K. L. Gould, J. A. Cooper, A. Bretscher & T. Hunter, unpublished work) . This suggests that p81 may have a structural function.
By virtue of its tight association with pp60v-src, pp50 was the first cellular protein found to contain phosphotyrosine . It is now clear that pp50, in conjunction with a second cellular protein pp89, interacts only with newly synthesized molecules of p~6 0~-~~, forming ternary complexes (Brugge et al., 1981 (Brugge et al., ,1983 Oppermann et al., 1981a,b) . This complex may be involved in shuttling pp60v-srcfrom its site of synthesis to its final destination on the inner face of the plasma membrane (Courtneidge & Bishop, 1982) . pp60v-src is not unique in its association with pp50; products of the vyps and v-yes genes are also found complexed to pp50 and pp89 (Adkins et al., 1982; Lipsich et al., 1982) . The function of pp50 in this complex is unknown, but since the tyrosine protein kinase activity of complexed pp6WSrc is depressed vis-a-vis free pp60v-src, pp50 and pp89 have attributes of negative regulators of enzymic function and one might speculate that their role is to prevent aberrant phosphorylation of cytoplasmic proteins by pp60v.s'c en route to the plasma membrane.
Three glycolytic enzymes out of the nine which have been screened so far prove to be phosphorylated on tyrosine in RSV-transformed chick cells . The stoichiometries of phosphorylation are low and neither EN, LDH nor PGM is normally considered to be rate-limiting for glycolysis. Thus, although the glycolytic flux is increased 2-3-fold in RSV-transformed cells, it seems unlikely that this is mediated through the phosphorylation of these three enzymes. Nevertheless because of their potential as models for understanding how tyrosine phosphorylation might alter protein function, we have put some effort into characterizing the phosphorylated tyrosines in EN and LDH (Cooper et al., 1984b) . The tyrosine phosphorylated in LDH is residue 238, which is close to the active site histidine, but the effect of this modification on LDH function is not yet known. The sequence of the EN phosphorylation site, ArgAla-Ala-Val-Pro-Ser-Gly-Ala-Ser-Thr-Gly-Ile-Tyr-GluAla-Leu-Glu-Leu-Arg, is in a highly conserved part of the protein. This sequence differs from the only other known sites of tyrosine phosphorylation, present in the tyrosine protein kinases themselves (Patschinsky et al., 1982) in having acidic residues downstream rather than upstream of the tyrosine. Potentially there are two classes of tyrosine protein kinase; one would recognize acidic residues to the N-terminal side of the target tyrosine, while the second would select tyrosines with acidic residues on their Cterminal sides. In this respect the two hypothetical classes would be similar to the serine/threonine protein kinases, casein kinase I and casein kinase I1 respectively.
Five to fifteen per cent of p36 is phosphorylated on tyrosine in cells transformed by any of the tyrosine protein kinase encoding retroviridae (Radke et al., 1980; Erikson & Erikson, 1980; . pp36 is also found in A431 cells treated with EGF Erikson et al., 1981) and certain clones of 3T3 cells treated with PDGF (Cooper er al., 1982) , but since this is not a universal effect of EGF and PDGF it seems that tyrosine phosphorylation of p36 may be incidental to the growth response. p36 is known to be an abundant (0.3% of total cell protein) membrane-associated protein in fibroblasts, being localized to the inner periphery of the plasma membrane Courtneidge et al., 1983; Greenberg & Edelman, 1983; Lehto et al., 1983; Nigg et al., 1983; Radke et al., 1983 ). Its precise function, however, remains a mystery. A survey of tissues and cell lines shows that p36 is not expressed in all differentiated cell types, with liver, brain and muscle having very low levels (Gould et al., 1984) . p36 is found at high level in lung and in intestinal brush-border cells, where it is concentrated in the terminal web region underlying the microvilli (Gould et al., 1984) . This location coupled with its membrane affiliation suggests a structural function for p36 in membrane organization. Purified p36 can be phosphorylated by pp60v-src (Erikson & Erikson, 1980) , but in the absence of a functional assay, the effect of phosphorylation, if any, on p36 function is unclear.
To turn finally to the substrates for the growth factor receptor tyrosine protein kinases, EGF and PDGF induce transient phosphorylation of p42, and to a lesser extent p45, at tyrosine in resting fibroblasts of every vertebrate species tested . pp42 can be detected in chick cells transformed by RSV and other viruses encoding tyrosine protein kinases, but not in mammalian cells transformed by the same viruses (Cooper & Hunter, 1981a,b; Cooper et al., 1984~) . Rather unexpectedly, p42 is also phosphorylated at tyrosine in response to agents which most probably do not interact directly with tyrosine protein kinases, such as the mitogenic protease trypsin and tumourpromoting agents Cooper et al., 1984~) . The common phosphorylation of p42 in response to this plethora of mitogenic stimuli suggests that it may be important in at least some aspect of mitogenesis. It is perhaps surprising therefore that these proteins are not phosphorylated universally in cells transformed by viruses encoding tyrosine protein kinases, given that viral transformation leads to uncontrolled growth.
Little is known about pp42. The fact that the unphosphorylated form, p42, has not yet been characterized hampers our progress. The nature of the tyrosine protein kinase(s) phosphorylating p42 is also unclear. The EGF and PDGF receptors may themselves phosphorylate p42 directly. On the other hand the tumour promoters are known 607th MEETING, LONDON 759 to activate a serine/threonine protein kinase, C-kinase (Castagna et al., 1982; Niedel ef al., 1983) , rather than a tyrosine protein kinase. Possibly activated C-kinase in turn phosphorylates and activates a tyrosine protein kinase. We have recently found that the EGF receptor is a substrate for Ckinase (Cochet et al., 1984) , but since phosphorylation of the EGF receptor by C-kinase appears to reduce rather than increase its EGF-stimulated tyrosine protein kinase activity, the mechanism of p42 phosphorylation in cells exposed to tumour promoters remains obscure.
In 
